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ABSTRACT
Context. Interest in the use of the Chajnantor area for millimeter and submillimeter astronomy is increasing because of its excellent
atmospheric conditions. Knowing the general site annual variability in precipitable water vapor (PWV) can contribute to the planning
of new observatories in the area.
Aims. We seek to create a 20-year atmospheric database (1997 − 2017) for the Chajnantor area in northern Chile using a single
common physical unit, PWV. We plan to extract weather relations between the Chajnantor Plateau and the summit of Cerro Chajnantor
to evaluate potential sensitivity improvements for telescopes fielded in the higher site. We aim to validate the use of submillimeter
tippers to be used at other sites and use the PWV database to detect a potential signature for local climate change over 20 years.
Methods. We revised our method to convert from submillimeter tipper opacity to PWV. We now include the ground temperature as
an input parameter to the conversion scheme and, therefore, achieve a higher conversion accuracy.
Results. We found a decrease in the measured PWV at the summit of Cerro Chajnantor with respect to the plateau of 28%. In addition,
we found a PWV difference of 1.9% with only 27 m of altitude difference between two sites in the Chajnantor Plateau: the Atacama
Pathfinder Experiment (APEX) and the Cosmic Background Imager (CBI) near the Atacama Large Millimeter Array (ALMA) center.
This difference is possibly due to local topographic conditions that favor the discrepancy in PWV. The scale height for the plateau
was extracted from the measurements of the plateau and the Cerro Chajnantor summit, giving a value of 1537 m. Considering the
results obtained in this work from the long-term study, we do not see evidence of PWV trends in the 20-year period of the analysis
that would suggest climate change in such a timescale.
Key words. Precipitable water vapor – Atmospheric opacity – Microwave radiometers – Atmospheric measurements – Radiometry
– Atmospheric modeling
1. Introduction
The Chajnantor area, a high altitude site in the Chilean Altiplano,
is recognized as one of the best sites in the world for the millime-
ter, submillimeter, and mid-infrared astronomical observations
(Bustos et al. 2014). Located at 23◦00’54"S +67◦45’45"W and
5080 m in altitude, this area has averages of 555 mbar in atmo-
spheric pressure and 273 K in temperature. Cerro Chajnantor,
located next to the plateau, has a summit altitude of 5640 m and
has averages of 518 mbar in atmospheric pressure and 268 K
in temperature. The combination of high altitude and extreme
dryness makes the area one of the most accessible sites for sub-
millimeter astronomy in the world.
The outstanding observing conditions at Chajnantor have
prompted the installation of world-class astronomical obser-
vatories. These include the Atacama Large Millimeter Array
(ALMA) (Wootten et al. 2009), the Atacama Pathfinder Exper-
iment (APEX) (Güsten et al. 2006), the Atacama Cosmology
Telescope (ACT) (Kosowsky et al. 2003), the Cosmic Back-
ground Imager (CBI) (Padin et al. 2002), and future experiments
such as the Tokyo Atacama Observatory (TAO) (Motohara et al.
2011), Simons Observatory (SO) (Ade et al. 2019), CCAT-prime
(Parshley et al. 2018), and the Leigthon Chajnantor Telescope
(LCT)1.
1 http://www.astro.caltech.edu/twiki_cstc/bin/view
In the context of atmospheric characterization of the site, the
first measurements of observing conditions on the Chajnantor
Plateau began in April 1995 (Radford et al. 1998). Since then,
many atmospheric characterization instruments have been de-
ployed to the site. These instruments have covered multiple time
epochs and geographical locations, depending on the specific in-
terests of each research group or astronomical observatories.
There are a number of publications in the literature referring
to measurements of precipitable water vapor (PWV) and weather
conditions at the Chajnantor area and their implications for as-
tronomical observations. As an example of these studies, based
on data from radiosonde launched from the Chajnantor Plateau,
Giovanelli et al. (2001) suggested peaks such as Cerro Chaj-
nantor would be drier than the Chajnantor Plateau. Observations
at terahertz frequencies from Sairecabur (5500 m) indicated this
was correct (Marrone et al. 2004, 2005); in addition, simulta-
neous 350 µm measurements from the Chajnantor Plateau and
Cerro Chajnantor provided confirmation of these observations.
Delgado et al. (1999); Radford et al. (2008) derived a conver-
sion scheme to obtain PWV from radiometric measurements of
the 183 GHz water emission line, while longer-term climatol-
ogy studies in the Chajnantor area were presented in Bustos et
al. (2000); Otárola et al. (2005, 2019). Estimates and forecasts
of PWV for the Chajnantor area using the Geostationary Opera-
tional Environmental Satellite (GOES) were presented in Marín
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et al. (2015), and in addition, seasonal and intraseasonal varia-
tions for PWV were studied in Marín et al. (2017). In Holdaway
et al. (2004), the relationship between global warming and PWV
for the area was studied in a period of six years with inconclusive
results. An atmospheric measurement campaign was performed
on Cerro Toco, , a site located within the Chajnantor area, by
Turner et al. (2010) in 2009 and their data were used in Cortés
et al. (2016) to assess the vertical distribution of PWV in the
area. The atmospheric transparency was studied in depth, span-
ning long periods of time by Radford et al. (2000); Giovanelli
et al. (2001); Radford et al. (2011, 2016). In addition, PWV
ratios between the plateau and Cerro Chajnantor were presented
in Bustos et al. (2014) for a time span of five days and expanded
over longer periods in Cortés et al. (2016), including estimates
for atmospheric scale heights.
Studying the dynamics of the atmospheric conditions is cru-
cial for short wavelength radio astronomy, since it directly af-
fects data quality in the form of attenuation and differential phase
delay of the astronomical signals as they reach the telescopes.
The timescale for these effects is very broad and includes intra-
day variations, seasonal patterns, and even exhibits long-term
features such as the El Niño–Southern Oscillation (ENSO), as
an example. On short timescales, of order seconds, atmospheric
variability can affect radio seeing on large aperture radio tele-
scopes through anomalous refraction (Olmi et al. 2001). This
paper is a revision and refinement of a previous study of the
mentioned atmospheric dynamics and tropospheric distribution
of the water vapor over the Chajnantor area. To achieve this goal
and to improve the quality of our data, we revisited the method-
ology for the conversion of the submillimeter tipping radiome-
ter (tipper) data into PWV presented in Cortés et al. (2016).
As explained in the paper, the conversion method now includes
information on the surface temperature at the instrument loca-
tion at the time of the measurement, which reduces the uncer-
tainty in the results. The new scheme is applied to all the tip-
per data that exists for the area, and we achieve an expansion
of our local atmospheric database now spanning from 1997 to
2017. We validate the results of the conversion scheme by com-
paring these findings with data from other instruments fielded in
the area based on various technologies. We demonstrate that the
tippers do not need another instrument as a reference for abso-
lute PWV calibration, as their PWV converted results are only a
few percent off the data from the considered measurement stan-
dards. This is relevant because the tipping instruments can now
be treated as independent integrated PWV measurement devices
if they are coupled with an appropriate atmospheric model for
the site under study, as discussed in Cortés et al. (2016). Ulti-
mately, we hope that existing and future observatories will find
this information useful in the planning of their logistical activi-
ties at the site, therefore maximizing their scientific return.
2. Instruments and software tools
In this section, we provide details on the instruments that were
used for this study. The data used in this work were obtained
with 183 GHz radiometers and with 350 µm tipping radiometers.
These are different in their technical characteristics and measure-
ment techniques, location, altitude, and deployment time cover-
age. A summary of these instruments including specific location,
altitude, and nomenclature is presented in Table 1; more details
about these instruments are shown in Table 1 (Cortés et al. 2016)
and in citations therein. The following are noteworthy comments
about these measuring devices:
Table 1. Instruments used in this study and their location, altitude, and
ID for reference in this paper.
Instrument Location Altitude (m) Time ID
span
APEX Chajnantor 5107 2006 APEX
radiometer Plateau to 2017
Chajnantor 5080 1997 TA-1
Plateau to 2005
(NRAO)
Tipper Chajnantor 5080 2005 TA-2
radiometer A Plateau to 2010
(CBI)
Chajnantor 5107 2011 TA-3
Plateau to now
(APEX)
Chajnantor 5080 2000 TB-1
Plateau to 2005
(NRAO)
Tipper Chajnantor 5080 2005 TB-2
radiometer B Plateau to 2009
(CBI)
Cerro 5612 2009 TB-3
Chajnantor to now
WVR UDEC Cerro 5612 2011 UdeC
Chajnantor to now
Water vapor radiometers (WVR): The APEX and Universi-
dad de Concepción (UdeC) WVRs provide measurements of the
atmospheric brightness temperature of the 183 GHz water line
and over a number of defined bandpasses to spectrally character-
ize the emission. These instruments are based on Schottky-diode
mixers coupled with a baseband analog filter bank (Delgado et
al. 1999). Because these systems operate at room temperature,
the receiver noise temperature for these instruments is usually
above 1500 K. Once the spectral data are taken, an atmospheric
model is typically used to fit the observations and estimate the
PWV. Data from APEX WVR were obtained on the APEX web-
page2.
Tipping radiometers of 350 µm: These instruments measure
the sky brightness at different air masses in order to estimate the
atmospheric opacity. They are built with bandpass filtered pyro-
electric detectors and integrate the incoming radiation over a 103
GHz band, centered at 850 GHz. The calibration uses measure-
ments of absorbers at known physical temperatures to determine
the antenna temperature at each air mass. The measurements are
fitted to an exponential function to estimate the radiometric tem-
perature of the sky and the atmospheric opacity (Radford et al.
2 http://www.apex-telescope.org/
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2016). The data from tipping radiometers and UdeC WVR are
available online3.
The computational tools used in this work were Atmospheric
Model 9.0 (AM) (Paine et al. 2016), Python version 2.7.2,
and Tool for Operations on Catalogues And Tables (TOPCAT)
version 4.1. We note that the atmospheric transmission at mi-
crowaves (ATM) model has been extensively used in atmo-
spheric monitoring at observatories, such as APEX and ALMA.
We compared the AM and ATM models and their differences are
< 3% over the bands of interest.
3. Improved conversion from 350 µm tipper opacity
to PWV
A major goal of our research is to bring all the existing atmo-
spheric database for the Chajnantor area to a common physical
unit, PWV. This, in turn, has the aim of understanding the distri-
bution of the water vapor over the area along with its temporal
variability. With this study we are also attempting an insight into
climate variations or trends, taking advantage of the more than
20 years of data collected at the site.
The WVR mounted on the APEX telescope is considered a
comparison standard for PWV measurements at Chajnantor and
has been operational since 2006. However, the measurements
carried out by the 350 µm tipper radiometers long predate those
from APEX, spanning from 1997, and can be used to establish
a longer time baseline. The submillimeter tipper delivers atmo-
spheric opacity in Neper units [Np] and a method to convert from
tipper opacity to PWV in millimeters of integrated columns was
presented in (Cortés et al. 2016). The method models the me-
chanical and radiometric functionality of the instrument and a
conversion from measured opacity to PWV was devised using
the AM software to solve for the atmospheric radiative emis-
sion. A basic block diagram describing the procedure to convert
from tipper opacity to PWV is shown in Figure 1.
In the first version of the tipper opacity to PWV conversion
method (Cortés et al. 2016), the ground temperature (Tgnd) in-
put to the AM model was set to a constant value, which was
taken as the historical average ground temperature for each site
that was analyzed. However, Tgnd is considered as the tropo-
spheric end of the AM layered radiative transfer configuration
that models the atmosphere and, therefore, it has significant im-
pact on the simulation results and modeling of the atmospheric
conditions. We know from local weather data that Tgnd varies
from −23◦C to +14.5◦C (APEX public database) in the Chaj-
nantor area, and not taking the diurnal oscillation into account
introduces unnecessary uncertainties in the conversion process.
Following Cortés et al. (2017), we started using the actual tropo-
spheric temperature at the instrument location as a variable input
to the AM model runs. The temperature values used were mea-
sured at each site by local weather stations, concurrently with
the opacity measurements available for conversion. The method
to convert from 350µm tipper opacity to PWV includes the com-
ponents explained in Cortés et al. (2016) and adds new proce-
dures, which are detailed below. The original components can
be summarized as follows: a) A multilayered atmospheric model
for each site is created, which is an input configuration file for
the AM software, and is entirely based on National Aeronautics
and Space Administration, Modern-Era Retrospective analysis
for Research and Applications, Version 2 (NASA MERRA-2)
reanalysis data (Molod et al. 2015). b) The use of the AM soft-
ware simulates the mechanical and radiometric operation of the
3 http://doi.org/10.5281/zenodo.3880373
Fig. 1. Illustrative block diagram describing the procedure to convert
from measured tipper opacity to PWV. The one-end pointed rectangle
blocks are considered inputs to the procedure, while the full rectangles
are procedural actions. The circles represent experimental data coming
from the submillimeter tipper.
tipper, which gives an effective temperature for the atmosphere
averaged over the 350 µm band for a given value of PWV, and
is weighted by the spectral response of the filter located at the
input of the tipper. c) We extract the opacity and atmospheric
brightness temperature by fitting an exponential function to the
simulated temperature versus tipper zenith angle. From now on,
we detail the new procedures of the proposed methodology with
the aim of reducing the uncertainty in the conversion to PWV
and obtaining an accurate database available for climate studies:
d) Opacity to PWV conversion: This step includes a relevant
difference from our previous work (Cortés et al. 2016), in that
the relationship between opacity and PWV was presented as a
linear characteristic and the average Tgnd was used as a fixed
value input to the simulation. Introducing Tgnd as a swept vari-
able input and extending the PWV range input to the simulation,
we found a quadratic relationship between the PWV and tipper
opacity, as shown in Figure 2. In the upper panel of the figure,
the conversion between the PWV and tipper opacity for the Cha-
jnantor Plateau is presented, while the lower panel corresponds
to the modeled conversion for the summit of Cerro Chajnantor.
For both plots, there is an opacity pedestal at zero PWV, which
is known as the dry opacity component that includes other at-
mospheric gases, such as oxygen and ozone. We note that the
estimated dry opacity from the simulations for the plateau and
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the Cerro Chajnantor are 0.272 Np and 0.271 Np, respectively.
The impact of Tgnd in the emissivity of the water molecule was
recently noted and discussed in Radford et al. (2016), in agree-
ment with our analysis and supporting the changes in our con-
version scheme for the submillimeter tippers.
Fig. 2. Tipper opacity simulations. The black dots indicate values ex-
tracted from the AM simulations. The lines correspond to weighted
quadratic fits to the simulated data and for each Tgnd. The upper panel
presents the situation for the Chajnantor Plateau, while the lower panel
shows the data and fits for the summit of Cerro Chajnantor. The blue
(red) line in the middle of the distribution corresponds to the results
for the average ground temperature at the plateau (Cerro Chajnantor) of
272.4 K (268.6 K), as previously used in (Cortés et al. 2016).
The 350 µm tipper opacity is measured at a certain ground
temperature. We use that specific ground temperature to derive
the conversion to PWV, as depicted in Figure 2. The conversion
to PWV is derived by interpolating the model grid points in Fig-
ure 2 using the actual Tgnd and the measured tipper opacity.
e) WVR sampling normalization: This is another important
difference from our previous work. The APEX radiometer out-
put rate is one sample per minute, while the tipping radiome-
ter provides a measurement every 13 minutes, which is time
stamped at the middle of the measurement cycle. In our previ-
ous work (Cortés et al. 2016), the data from both instruments
were matched in time in order to be processed, which induced
a delay between the two atmospheric observations and therefore
an extra source of uncertainty. In this version of the analysis, an
average windowing filter with length of 13 samples was applied
to the WVR measurements and only the samples prior to the
time stamped data were considered. The outcome is a more pre-
cise and representative comparison between the results of both
instruments.
As mentioned above, the PWV output of the tipper data that
pass through the conversion procedure is readily available to be
used for atmospheric analysis. The only correction that is ap-
plied to the PWV data is the cross calibration between both tip-
pers to match their results when these are colocated. Both tip-
pers shared the same site over years 2005 and 2006; therefore,
this was an opportunity to evaluate for measurement consistency
between the tipping instruments. This campaign showed that the
tippers were consistent to a figure of 1.12% in PWV, taken from
the slope in PWV vs PWV ratio, and that factor was applied
to the TA tipper to cross calibrate both data outputs as follows:
PWVcorrTB = PWVTB/1.012. Once this factor was applied, the
PWV versus PWV diagram for this concurrent measurement ses-
sion delivered the results shown in Figure 3. The slope between
both instrument outputs was 1.001 ± 0.003, with a Pearson cor-
relation factor of 0.94.
Fig. 3. Corrected tipper data for a shared location measurement cam-
paign, for tippers TA and TB, at the Chajnantor Plateau (CBI) site, cov-
ering years 2005 and 2006. The cyan circles are the PWV quantiles used
in linear regression. The red circles indicate the quartiles ( 25%, 50%,
and 75%). Error bars are y-axis standard deviation for each quantile.
The error in the slope was calculated using the Equation 1.
This equation was used to estimate the standard error of a slope
in simple linear regression method (Crunk et al. 2014), as fol-
lows:
STDslope =
√∑ (Ymodel − Ydata)2
N − 2√∑
(x − x¯)2
, (1)
where Ymodel is the obtained value predicted by the linear re-
gression, Ydata is the real value, N is the number of data involved
in the linear regression, x is the real value, and x¯ is the mean of
x values.
4. Estimating PWV ratios
Estimating the PWV ratio between datasets from different sites
or instruments is crucial if the aim is to assess the distribution of
water vapor on a certain area, compare how much drier a site is
than another, or evaluate the scale height for water vapor over a
certain site. The method to estimate the PWV ratio we applied
so far, detailed in Cortés et al. (2016), is to fit a line to a time-
matched PWV vervus PWV diagram and extract the slope di-
rectly from the fit. It was found that the result in the estimate for
the slope is very sensitive to how clumped the data are near the
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origin of the diagram as well as what exact range is assumed as
the linear regime of the system prior to the analysis. The nature
of the PWV datasets for the Chajnantor area is such that the data
in the PWV versus PWV diagram are mostly clumped near the
origin and small variations on the distribution of the data for low
values of PWV can have significant effects on the result for the
PWV ratio, which may lead to wrong interpretations about the
physics governing a certain site.
In this paper, we applied a variation to the method of
estimating the PWV ratio. We instead used the cumulative
distribution of PWV for a given site of the data on each axis
of the diagram. Each cumulative distribution is divided into
20 quantiles; therefore, each quantile for the involved sites
forms a pair in the PWV versus PWV diagram and is used
for parameter extraction with the line regression algorithm of
choice. We believe this method uses a more faithful statistical
representation of each dataset compared to the previous method,
providing a more robust estimate for the sought PWV ratio.
The data used for the line regression consider up to 75% of
the full dataset because the remaining data are found to be
dominated by measurement uncertainty and, for high PWV, the
submillimeter tippers respond nonlinearly. The linear regime
used for the analysis in PWV has an upper limit of 3 mm, which
is considered to be useful for millimeter and submillimeter
radio astronomy interests. Figure 3 shows the results of the
new method, in which cyan circles denote some of the 20
quantiles mentioned before (10%, 20%, 30%, 40%, 60%, and
70% specifically), while the red circles indicate the quartiles,
for reference.
5. Validation of submillimeter tipper data from
revised conversion procedure
In our previous work (Cortés et al. 2016), the PWV measure-
ments from the WVR at APEX are considered the calibration
standard for our atmospheric characterization database. In this
work, it was found that the submillimeter tipper radiometer mea-
surements require a small correction to match the APEX WVR
measurements, (< 2%) that is, to produce a PWV versus PWV
diagram with a slope of unity. Therefore, we can safely consider
TA and TB, namely the submillimeter tipper radiometers, as the
two instruments providing measurement outputs independent of
any external calibrator. The implication of this finding is that the
tippers can operate independently, installed at multiple sites of
low PWV, and obtain scientifically valid PWV data provided that
the suggested conversion method explained in Section 3 is fol-
lowed. To confirm this statement, in the following we compare
the measurements from tippers against other local instruments
using PWV versus PWV scatter plots.
The tipper TA was colocated with the APEX WVR for a span
of three years. A comparison between the PWV measured by the
APEX WVR and the PWV from converted tipper opacity from
tipper TA is shown in Figure 4. The slope from the data, esti-
mated using the procedure described in the previous section, is
1.011, which indicates a 1.1% difference between both measure-
ments. The Pearson correlation coefficient for such dataset was
calculated as described in Cortés et al. (2016), giving a value of
0.92.
Figure 5 shows a visual comparison between the results of
the conversion method for the TB-3 tipping radiometer located at
the summit of Cerro Chajnantor and data from the UdeC WVR,
when concurrently deployed at the same site. The WVR data
Fig. 4. Comparison between the APEX WVR measurements and the
PWV from tipper TA-3 for 2011-2014, when both instruments coin-
cided in both site and time. The cyan circles are the PWV quantiles
used in linear regression. The red circles indicate the quartiles ( 25%,
50%, and 75%). Error bars are y-axis standard deviation for each quan-
tile. As noted in the text, TA-3 shows a small offset with APEX, which
shows the measuring independence of the tipper instrument when the
proposed conversion is used.
from the APEX observatory are reported as a reference and the
PWV variations are well correlated for both sites. Interestingly
and looking at Figure 5, we notice what could be the appearance
of atmospheric inversion layers for certain periods of the data.
These can be observed when the PWV at Cerro Chajnantor drops
dramatically compared to the PWV at the plateau, which is also
mentioned in Bustos et al. (2014). The appreciable difference
in absolute PWV on both sites is mainly due to the vertical dis-
tribution of water vapor, which drops monotonically as altitude
increases.
Fig. 5. PWV reported for a period of five days from Cerro Chajnan-
tor summit (data from UdeC-WVR and TB-3) and from the Chajnantor
Plateau (data from the APEX WVR). The correlation between the UdeC
and TB-3 data, both located at the Chajnantor summit, and the instanta-
neous difference with the PWV at the plateau measured by the WVR at
APEX.
We assessed the potential improvement of the revised
methodology in data quality by calculating the standard devia-
tion of the various procedures applied to the same dataset. This
is referred to as the conversion error of the method and we com-
pare the errors given by the old methodology against the errors
from the revised method. The results show an improvement of
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10 % with the new method as expected from the impact of the
conversion curves shown in Figure 2.
6. Distribution of PWV from site comparisons
In this analysis, we consider 20 years of time-overlapped data
from various instruments fielded at the Chajnantor area. Using
the revised method presented in Section 2 to convert opacity to
PWV, a recalculation of our quantitative comparison between the
atmospheric conditions for sites of interest for deployment of
millimeter and submillimeter astronomy instrumentation is per-
formed. The results of the analysis are presented by comparing
the atmospheric conditions for two sites and according to the
procedure that was previously described in Section 4. As men-
tioned before, the two datasets are appropriately downsampled
in time to bring them to the same cadence.
Fig. 6. PWV determined from the APEX WVR vs. TA-2 converted
PWV located at the CBI site, over the period of 2006 to 2010. The
APEX site is 27 m above the CBI site. The cyan circles are the PWV
quantiles used in linear regression. The red circles indicate the quartiles
( 25%, 50%, and 75%). Error bars are y-axis standard deviation for each
quantile.
The APEX VWR data versus TA-2 tipper converted PWV
scatter plot is presented in Figure 6. The TA-2 was deployed
at the CBI site; therefore it was 27 m lower in altitude than the
APEX site and about 2.5 km away in linear distance. It is relevant
to note that the CBI site is very close to the ALMA array cen-
ter, only 720 meters away; consequently, this site also faithfully
represents the atmospheric characteristics for the submillimeter
interferometer site. In Figure 6, the time-matched linear regres-
sion gives 1.9% excess in PWV for the CBI site compared to the
APEX site, which agrees with what is expected from the use of
a standard atmosphere and the difference in their altitudes. The
Pearson correlation coefficient for the linear regression in Figure
6 is 0.86.
Figure 7 shows PWV versus PWV scatter-plot results for
APEX and TB-3. TB-3 is the third location for the submillimeter
tipping radiometer at the summit of Cerro Chajnantor. We note
that the location of TB-3 is 505 m higher that the APEX site. In
Figure 7, the slope of 0.72 indicates an overall year-round reduc-
tion of 28% in PWV when ascending in altitude from the Cha-
jnantor Plateau to the Cerro Chajnantor summit. This result is
consistent with the ratio of 0.7 between these altitudes reported
Fig. 7. PWV comparison between Cerro Chajnantor and the plateau.
Data from 2009 to 2012 are included in this figure. The cyan circles are
the PWV quantiles used in linear regression. The red circles indicate the
quartiles ( 25%, 50%, and 75%). Error bars are y-axis standard deviation
for each quantile. The slope in this graph denotes the significant drop
in PWV at the Cerro Chajnantor summit as opposed to the Chajantor
plateau, with a 505 m difference.
by Otárola et al. (2019), using data from radiosondes launched
from Antofagasta, and Bustos et al. (2014), who report only five
days of data.
Fig. 8. Atmospheric transmission for 30 − 1200 GHz calculated with
the AM software for the median measured conditions at the Chajnantor
plateau and at the summit of Cerro Chajnantor.
The effect of the 28% difference between the Chajnantor
Plateau and Cerro Chajnantor summit on the atmospheric trans-
mittance is shown in Figure 8. This image is the result of a sim-
ulation using the AM software for both sites. The input param-
eters in AM were 0◦ of zenith angle, a frequency window from
30 GHz to 1200 GHz, a mean ground temperature of 272.6 K,
and 268 K for Chajnantor Plateau and Cerro Chajnantor summit,
respectively. The considered amount of PWV in the Chajnantor
Plateau and for the Cerro Chajnantor summit was 1 mm and 0.72
mm, respectively. These values for PWV are taken from the 50th
percentile result of our long-term analysis for both sites. As can
be seen in Figure 8, the impact in transmittance is more rele-
vant at the higher frequency bands in the submillimeter regime
and, thus, supports the installation of submillimeter astronomical
equipment at the summit of Cerro Chajnantor.
A summary with the results for the comparison between the
characterized sites is presented in Table 2. These results are cal-
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culated from PWV versus PWV derived slopes and by applying
the proposed conversion method to the submillimeter tipper data.
The instruments at the Chajnantor Plateau are APEX and TA-2
(CBI site). The instrument at Cerro Chajnantor summit is TB-3.
The comparison between sites is consistent with the expo-
nential decay in PWV of a standard atmosphere. This decay can
be modeled as follows:
PWV = PWV0 · e− ∆hho , (2)
where PWV0 is the PWV measured at the lowest altitude, h0 is
the scale height, and ∆h the difference in altitude for the two
sites. Using the values reported in Table 2, we calculate a water
vapor scale height for the Chajnantor Plateau of 1537 meters.
This scale height agrees with previous results from Bustos et al.
(2000); Giovanelli et al. (2001); Bustos et al. (2014); Cortés et
al. (2016); Radford et al. (2016); Kuo et al. (2017)
7. Twenty-year water vapor study for the Chajnantor
Plateau
In this section, we present the 20 years of PWV data for the Cha-
jnantor Plateau, from 1997 to 2017. We present our PWV dataset
in full, gathering information from various types of instruments,
but we convert these findings to the same unit. The APEX ra-
diometer was included in this database for completeness.
With the aim of understanding the general annual PWV cy-
cles on a month-by-month basis at the Chajnantor Plateau, we
present all the median PWV results per instrument in the period
from 1997 to 2017 in Figure 9. The PWV from APEX radiome-
ter (with more cadence of data) is included in Figure 9 on pur-
pose to compare the results per month versus the results of other
instruments that have been converted to the same unit, providing
consistency to the results from all instruments.
Fig. 9.Median PWV per month per instrument located at the Chajnantor
Plateau, over a 20-year span. The highest value and dispersion for the
mean PWV in the months of January and February and the lower PWV
in the months of June, July, and August are noted. This plot shows the
consistency between the measurements of the instruments.
At the plateau, January and February are always shown as the
wetter months of the year, while June through August, the dryest
months, offer the best conditions for submillimeter astronomy
observations. Taking the median of the data per month over the
20-year span of our study gives an overall view for the year-
round climate at the Chajnantor site. Such analysis is shown in
Figure 12. We note again the drastic increase in PWV for the
months December through March, which is a clear signature of
local effect called Altiplanic Winter, which enhances the east-
West water vapor circulation from the wet side of the Andes,
north Argentina, Paraguay, and south Brazil into the west and
through the Chajnantor area.
The upper plot of Figure 10 is a plot of quartiles, which
shows the variations over months of three different percentile
distributions (25%, 50%, and 75%). The shape of the three
curves is similar to Figure 9. This figure allows a robust sta-
tistical assessment of the atmospheric quality for the Chajnantor
Plateau. With the aim of understanding the most extreme months
in the Chajnantor area, a cumulative fraction plot is presented at
the bottom of Figure 10. This is an assessment of the conditions
for the Chajnantor Plateau (solid line), with the year-round, 50th
percentile value near 1 mm for the site. In addition, we find the
median values for the extreme months of January and August,
with a 50th percentile value for each condition of 2.56 mm and
0.72 mm, respectively.
Fig. 10. Twenty years of PWV study in Chajnantor Plateau. Monthly
quartiles (25%, 50%, and 75%) of PWV measurements over the full
period (upper panel). On the plateau, the best observing conditions are
shown over June, July, and August. Cumulative distribution fraction of
PWV for Chajnantor Plateau is shown in the lower panel. Total fraction,
along with the extreme cases of January and August, are included to
limit the typical range of PWV for the remaining months.
The results from Figure 9 are also consistent with the re-
sults from Marín et al. (2017). These authors used the Cli-
mate Forecast System Reanalysis (CFSR) (Saha et al. 2010)
as source for the PWV data for Chajnantor and the APEX ra-
diometer data (2006 to 2010) to validate the analysis. In Marín
et al. (2017), the authors argued about a connection between the
Madden-Julian Oscillation (MJO) pattern and the variability of
the PWV at Chajnantor. Given that the MJO starts in the western
Pacific Ocean and develops through the east sometimes reaching
the South American coast, we believe a study of the MJO could
be used as a tool to predict wet events in Chajnantor. Therefore,
this study would be a good addition for the planning of scientific
activities in the area.
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Table 2. Ratios of PWV between instruments at multiple sites in the Chajnantor area. The table includes time span of concurrent measurements,
derived slopes between sites, the altitude difference between sites, and inferred scale height.
Instrument Period Slope Altitude Scale
pairs (yrs) diff (m) height (m)
TA − 2
APEX
06-10 1.019 ± 0.002 -27 1434 ± 149
TB − 3
APEX
09-12 0.720 ± 0.003 505 1537 ± 19
TB − 3
TA − 2 09-10 0.710 ± 0.01 532 1553 ± 63
Table 3. Summary of PWV cumulative fractions for the Chajnantor
Plateau. The extreme cases of January and August are also shown.
Period of time 25 % 50 % 75 %
Year-round 0.60 mm 1.05 mm 1.98 mm
January 1.28 mm 2.56 mm 3.97 mm
August 0.44 mm 0.72 mm 1.19 mm
The long-term median climatology of the Chajnantor Plateau
is shown in Figures 9 and 10. A possibility for studying large-
scale anomalies in the climate for the Chajanantor area is to re-
view the evolution of the PWV over the span of this study. We
decided to assess such evolution by plotting the PWV for each
month over the years in a single plot, as shown in Figure 11.
Each subplot in this figure corresponds to a single month and
each data point in the plot corresponds to the median PWV from
that month in our consolidated database. In addition, a linear re-
gression and their math expression is presented in each subplot.
Each linear regression are in function of time (years) and with
these expressions we can estimate the amount of PWV in the
future for each month, given the data collected in this period.
All the slopes are small; therefore, they do not indicate a clear
tendency (increase or decrease) for the amount of PWV in the
period of study or in the future for the Chajnantor Plateau.
Fig. 11. Median PWV per month over 1997-2017 in the Chajnantor
Plateau. The dots indicate the median value of PWV in this year, while
the straight line indicates the trend for the PWV over the period of the
study, with a possibility of projecting future PWV values. The median
for all the monthly slopes is −0.001 ± 0.014, that is, consistent with
zero. We do not see a long-term increase or decrease in the atmospheric
variable of interest for Chajnantor.
8. Cerro Chajnantor summit
Cerro Chajnantor is one of the highest peak in the Chajnantor
area. The atmospheric conditions at the peak are different from
the Chajnantor Plateau, as expected given the altitude difference.
In addition, the appearance of inversion layers affect the instanta-
neous value for PWV, drying out the summit of Cerro Chajnantor
at a higher rate than the plateau.
Fig. 12.Comparison between Cerro Chajnantor Summit and Chajnantor
Plateau.The differences per month in median values for PWV between
both sites are shown. July and August show the least difference between
both sites.
Median PWV values over the full span of our study are used
to compare the atmospheric conditions between Cerro Chajnan-
tor Summit and Chajnantor Plateau, as shown in Figure 12. The
Chajnantor Plateau always has greater values of PWV in com-
parison with the Cerro Chajnantor Summit. The months of De-
cember, January, and February show the highest values of PWV
and error-bar size. February is considered a special case since
less data are available for this month and the data are highly
variable. High PWV (bad weather) drives the instruments into
nonlinear conditions and turns them off when safety conditions
are triggered. This might explain the anomalous values of PWV
for that month. Ratios of PWV with data from both sites are pre-
sented in the upper panel of Figure 13. Equation 1 is used to
calculate the water vapor scale height for the Chajnantor area,
using an altitude difference of 505 m. As expected, the water
vapor scale height is highly time variable.
Cumulative fraction plots for the Chajnantor summit are
shown in Figure 14, confirming the very good submillimeter
observing conditions at the site. In summary, it offers less than
0.5 mm for at least 30% of the time, during the austral winter,
which is outstanding for ground-based submillimeter access.
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Fig. 13. Chajnantor summit vs. plateau PWV ratio and scale heights.
The upper plot shows the ratio PWVcc/PWVplateau per month. The lower
panel shows the scale height from the ratios obtained in the upper panel
using the equation (1), considering 505 m of altitude difference.
Again, we hope this information can be appropriately used for
the observations planning by all the instruments located into the
area. The PWV quartiles were extracted from the lower panel of
Figure 14 and are presented in Table 4. The reported quartiles
from Table 4 are in good agreement with the results recently
shown in Radford et al. (2016); Otárola et al. (2019).
Fig. 14. PWV data for the summit of Cerro Chajnantor. Five years of
study are included in this analysis. The upper panel shows the cumula-
tive distribution fraction of PWV. The lower panel shows the monthly
quartiles (25%, 50%, and 75%) of the PWV measurements for the sum-
mit.
9. Conclusions
In this paper, we present the assembly of a 20-year long database
for the PWV conditions at the Chajnantor area, covering from
1997 to 2017. Multiple instruments with different variables were
used to compile such a large dataset. However, they were ap-
Table 4. Summary of PWV cumulative fractions for the summit of
Cerro Chajnantor summit. The extreme cases of January and August
are shown and are added for reference.
Period of time 25 % 50 % 75 %
Year-round 0.36 mm 0.67 mm 1.28 mm
January 0.53 mm 1.08 mm 2.04 mm
August 0.36 mm 0.54 mm 0.79 mm
propriately calibrated and converted to make the largest possible
climatic evaluation of the site. The results of this study can be
used, in addition to the scientific value, to plan observatory op-
erations. The millimeter and submillimeter telescopes, such as
ALMA, APEX, Atacama Submillimeter Telescope Experiment
(ASTE), NANTEN2 and the future CCAT-prime, and LCT, will
be able to plan the use of instruments at specific wavelengths
depending on the month, that is, a 350 µm or near terahertz in-
strument should only be available during austral winter months.
The methodology to convert atmospheric opacity now in-
cludes the use of the instantaneous ground temperature as an
input parameter, which contributed to produce more accurate
results, as seen on Figure 2. The cadences for the various in-
struments were also matched in order to appropriately use the
data for a comparative analysis of the various sites. It was found
that more robust and statistically significant results, for PWV ra-
tios between different sites and instruments, are calculated if the
PWV versus PWV scatter plots with time-matched samples are
replaced with cumulative fractions for each site or instrument.
Regarding the comparison between the Chajnantor Plateau
and the summit of Cerro Chajnantor, we found a decrease in
PWV for the summit versus the plateau of 28%, confirming the
summit as a great submillimeter astronomy site. This result is in
good agreement with previous works (Bustos et al. 2014; Rad-
ford et al. 2016; Cortés et al. 2016; Otárola et al. 2019). In
addition, we found differences in the PWV within the plateau
(i.e., the CBI site), which is 27 m below the APEX site, shows
a 1.9% excess in PWV compared to the APEX site, which is
consistent with a model of standard atmosphere. We calculated
a year-round atmospheric scale height for the Chajnantor area of
1537 m. This scale height also agrees with previous works from
Cortés et al. (2016); Radford et al. (2016); Kuo et al. (2017),
whom reported a scale height of 1475 m for the same area.
Given the conversion method that has been presented, the
tipper radiometers are validated and can be used to character-
ize other sites of interest for the installation of future telescopes
and their logistical considerations. Using the appropriate atmo-
spheric model for the site under measurements, the system does
not require external calibrators to deliver PWV, as has been as-
sumed in the past.
Interestingly, our long-term study of the PWV conditions at
the Chajnantor Plateau did not show evidence of PWV trends,
neither an increase nor a decrease over the 20 years of evaluation.
The AM configuration files used in this paper can be re-
quested by e-mail from F. Cortés (fercortes@udec.cl).
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